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(57) ABSTRACT

A method (100) of physical circuit design can include the
steps of packing components (110) of a circuit design that
are dependent upon an architecture of the circuit design and
assigning initial locations (115) to each component of the
circuit design. The components of the circuit design can be
clustered (120) by combining slices and including slices into
configurable logic blocks according to design constraints,
while leaving enough white space in the configurable logic
blocks for post-placement circuit optimizations. The com-
ponents of the circuit design then can be placed (125) to
minimize critical connections. The circuit design can be
declustered (130) to perform additional placer optimization
tasks (135) on the declustered circuit design.
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CIRCUIT CLUSTERING DURING
PLACEMENT

BACKGROUND

1. Field of the Invention

The invention relates to the field of physical circuit design
and, more particularly, to packing and clustering compo-
nents of a circuit design.

2. Description of the Related Art

Circuit designs, and particularly designs for Field Pro-
grammable Gate Arrays (FPGA’s), have become increas-
ingly complex and heterogeneous. Modern circuit designs
can 1nclude a variety of different components or resources
including, but not limited to, registers, block Random
Access Memory (RAM), multipliers, processors, and the
like. This increasing complexity makes placement and sig-
nal routing of circuit designs more cumbersome.

Circuit packing provides a degree of simplification. Cir-
cuit packing refers to the grouping or association of circuit
components into larger clusters of components. For a given
design, a packer “packs” circuit components together based
on particular objective functions. Each clustered grouping of
components then can be treated as a single, larger compo-
nent for purposes of circuit placement and signal routing.
The packing process eflectively reduces the number of
components to be processed during subsequent circuit
design tasks.

Packing refers to both mandatory packing as well as
non-mandatory packing. Mandatory packing refers to pack-
ing operations that are performed as dictated by the circuit
architecture. For example, mandatory packing can include
packing objects so as to implement carry chains, block
random access memory (RAM), or other circuit structures.
In contrast, non-mandatory packing refers to the packing of
objects for purposes that are unrelated to the underlying
circuit architecture. For example, non-mandatory packing
can include packing components to achieve a particular
signal propagation delay based upon topological circuit
information.

Packing typically occurs prior to the placement and
routing tasks of physical circuit design. Accordingly, as
noted, the packing task serves to simplily circuit design as
once components are clustered together as a single, larger
circuit component, the placing and routing tasks eflectively
are left with fewer components to process. Unfortunately,
the tradeofl for this stmplification 1s reduced granularity. In
other words, while having fewer components to place and
route simplifies circuit design, the reduced granularity
allords fewer choices with respect to circuit placement and
routing.

What 1s needed 1s a technique which provides the benefits
of circuit packing while not restricting granularity or the
choices available to subsequent circuit design tasks.

SUMMARY OF THE INVENTION

The present mvention provides a method, system, and
apparatus for performing physical circuit design. More par-
ticularly, an exemplary embodiment of the present invention
provides a solution for packing a circuit design during the
placement phase. White space may be incorporated into the
circuit design during the packing phase so as to leave
adequate space for performing post-placement circuit opti-
mizations after circuit placement.

Post-placement circuit optimization attempts to re-opti-
mize critical portions of a circuit design by placing critical
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components close to one another. Non-critical components
are moved away from the vicinity of critical components.

By incorporating white space into the circuit design
during the packing phase, the task of post-placement circuit
optimization 1s stmplified. That 1s, the problem of remapping
the circuit design 1s alleviated by a prior1 leaving white space
in the vicinity of critical components. White space 1nsertion
also aids in relieving routing congestion by reducing the
usable pin density and spreading the circuit logic.

One embodiment of the present invention can include a
method of physical circuit design. The method can include
the step of packing components of a circuit design that are
dependent upon an architecture of the circuit design and
assigning 1nitial locations to each component of the circuit
design. The components of the circuit design can be clus-
tered by combining slices and including slices into config-
urable logic blocks according to design constraints, wherein
a cluster of components include white space such as an
unused region(s). The components of the circuit design then
can be placed to minimize critical connections. The circuit
design can be declustered to perform additional post-place-
ment placer tasks on the declustered circuit design.

The clustering step can operate only on components that
are not dependent upon the architecture of the circuit design.
Also, the step of assigning imtial locations need not be
timing driven. The clustering step can include slices into a
configurable logic block so long as the total number of
inputs and outputs of the resulting configurable logic block
does not exceed a threshold number of inputs and outputs.
The threshold number of inputs and outputs can be less than
the number of inputs and outputs that can physically be
accommodated by the configurable logic block so as to leave
white space 1n the configurable logic block for post-place-
ment circuit optimizations.

In another embodiment of the present invention, the
clustering step can include the step of combining slices that
share control signals and clock sources such that the total
number of components of the combined slice does not
exceed a threshold number of components. The clustering
step further can include the step of adding a slice to a
configurable logic block 1t the slice has a critical attraction
to a slice already included 1n the configurable logic block.
The clustering step also can include the step of using fanout
to determine which slice 1s included 1n the configurable logic
block 11 more than one slice to be added to the configurable
logic block each has an equivalent critical attraction to a
slice within the configurable logic block.

In yet another embodiment, the clustering step can
include the steps of selecting a critical connection of the
circuit design, identifying a first slice connected to the
critical connection, and if the first slice 1s not clustered,
identifying a second slice having a most critical attraction to
the first slice. Accordingly, the second slice can be included
with the first slice 1n a configurable logic block 11 the total
number of mputs and outputs of the resulting configurable
logic block does not exceed a threshold number of nputs
and outputs. Notably, the threshold number of 1nputs and
outputs can be less than the number of mnputs and outputs
that can physically be accommodated by the configurable
logic block so as to leave white space 1n the configurable
logic block for post-placement circuit optimizations. The

process can be repeated for further slices connected to the
critical connection, as well as for further critical connec-
tions.

Another embodiment of the present invention can include
a method of clustering a circuit design including selecting a
critical connection of the circuit design, 1dentifying a first
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slice connected to the critical connection, and 1f the first slice
1s not clustered, identifying a second slice having a most
critical attraction to the first slice. The second slice can be
included with the first slice 1n a configurable logic block 1f
the total number of inputs and outputs of the resulting
configurable logic block does not exceed a threshold number
of mputs and outputs. As noted, the threshold number of
inputs and outputs can be less than the number of inputs and
outputs that can physically be accommodated by the con-
figurable logic block so as to leave white space in the
configurable logic block for post-placement circuit optimi-
zations. The process can be repeated for further slices
connected to the critical connection as well as for additional
critical connections.

Notably, the step of including the second slice with the
first slice within a configurable logic block can combine
slices that share control signals and clock sources such that
the total number of components of the combined slice does
not exceed a threshold number of components. Further, a
slice can be added to a configurable logic block 11 the slice
has a critical attraction to a slice already included in the
configurable logic block. Fanout can be used to determine
which slice 1s included 1n a configurable logic block 1f more
than one slice to be added to the configurable logic block
cach has an equivalent critical attraction to a slice within the
configurable logic block.

Other embodiments of the present invention, when con-
figured 1n accordance with the inventive arrangements dis-
closed herein, can include a system for performing, and a
machine readable storage for causing a machine to perform,

the various processes disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

There are shown 1n the drawings, embodiments which are
presently preferred, 1t being understood, however, that the
invention 1s not limited to the precise arrangements and
instrumentalities shown.

FIG. 1 1s a flow chart illustrating a method of physical
circuit design 1n accordance with one embodiment of the
inventive arrangements disclosed herein.

FIG. 2 1s a flow chart illustrating a method of clustering
in accordance with one embodiment of the inventive
arrangements disclosed herein.

FIGS. 3A and 3B are schematic diagrams illustrating
configurable logic blocks including slices 1n accordance
with one embodiment of the inventive arrangements dis-
closed herein.

FIGS. 4A and 4B are schematic diagrams illustrating
configurable logic blocks including slices 1n accordance
with another embodiment of the inventive arrangements
disclosed herein.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The present invention provides a solution for improving,
the physical layout of a circuit design. In accordance with
the mventive arrangements disclosed herein, a significant
amount of packing 1s performed in the placement phase of
physical circuit design. By packing most components during,
placement, decisions relating to packing can be made at a
time when physical information regarding the circuit design
1s available, rather than making packing decisions earlier 1in
the design process without the benefit of such information.

The circuit design 1s clustered by restricting the amount of
logic that can be packed together. This technique ensures
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that white space, or unused space, 1s present 1n the clustered
circuit design for post-placement optimizations. As a result
of performing fewer packings at the beginning of the physi-
cal design process, placement can be performed on a finer
grained circuit design representation, thereby leading to an
improved physical circuit design.

FIG. 1 1s a flow chart illustrating a method 100 of physical
circuit design 1n accordance with one embodiment of the
inventive arrangements disclosed herein. The method 100
can be implemented by a software-based circuit design tool
that can receive, pack, place, and route a circuit design
representation. As 1s known, placing refers to assigning

components of a circuit design to physical locations on a
chip and routing refers to routing signals, or forming con-
nections, between components of the circuit design.

Circuit designs or circuit design representations can
include any physical description of a circuit design 1n terms
of the components to be used, including but not limited to,
netlists, circuit descriptions conforming to open standards
such as the Berkeley Logic Interchange Format (BLIF), as
well as circuit descriptions conforming to proprietary stan-
dards such as Native Circuit Description as used by Xilinx,
Inc. of San Jose, Calif.

The method 100 can begin in step 105 where a mapped
circuit design representation 1s read into the design tool. In
step 110, mandatory packing tasks can be performed. Man-
datory packing tasks are packing operations that that are
performed as dictated by the architecture of the circuit under
development. For example, mandatory packing can include
packing objects so as to implement carry chains, block
random access memory (RAM), or other circuit structures
related to circuit architecture. Accordingly, circuit compo-
nents whose placement with respect to one another 1s
dictated by circuit architecture can be packed 1n step 110.

In step 1135, a non-timing driven fast placement task can
be performed. Components of the circuit design represen-
tation can be assigned iitial locations relating to the physi-
cal layout of the circuit design. This 1nitial placement task
can be performed rapidly as timing considerations are not
taken into account. Accordingly, slices, configurable logic
blocks (CLB’s), and look up tables (LUT’s), as determined
during the mandatory packing task, can be assigned initial
locations with respect to the physical circuit design.

A slice 1s an association of one or more circuit compo-
nents such as LUT’s and flip flops, around which a boundary
can be established. Typically, a slice can include a limited
number of LUT’s and tlip flops. The number of components
that can be included within a slice varies according to
manufacturer and the type of circuit being developed.
According to one embodiment of the present invention,
slices can be limited to having no more than 2 LUT’s and 2
tlip tlops. Still, those skilled 1n the art will recognize that any
number of LUT’s and flip tlops can be included within a
slice component as may be desired by the circuit designer.

Once components are associated or grouped as a slice, the
slice can be treated as a single larger component that
occupies an area corresponding to the established bound-
aries of the slice. This allows the slice to be manipulated as
a single unit rather than as a series of individual components.

A CLB component 1s a collection of slices. Like slices,
CLB’s can be treated as a single component. The number of
slices that can be included within a CLB also can vary
according to the circuit design and manufacturer. According
to one embodiment of the present mvention, CLB’s are
limited to including 4 slices. Still, as was the case with
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slices, those skilled 1n the art will recognize that any number
of slices can be included 1n a CLLB as may be determined or
desired by a circuit designer.

In step 120, the circuit design representation can be
clustered using a multi-level approach. That 1s, slices can be
combined with one another according to design constraints.
Slices also can be clustered within CLB’s in conformance
with additional design constraints. Clustering 1s done such
that white space, 1.e., unoccupied or unused region(s), 1s left
in a circuit cluster, for example a CLB (see FIGS. 3A, 3B,
4A, and 4B, below). This white space may be used for
post-placement circuit optimizations. After clustering, the
placer can be run on the circuit design representation 1n step
125. The placer can perform a timing analysis on the circuit
design representation. The placer places components 1n a
manner that seeks to minimize critical connections between
components.

The criticality of a connection can be measured by the
“slack’ of a connection. Slack 1s the diflerence between the
time a signal 1s to arrive at a particular destination to meet
established design constraints and the actual time, or esti-
mated time as determined by the design tool, at which the
signal arrives. The more negative the slack, the more critical
the connection.

In step 130, the circuit design representation can be
declustered. Declustering the circuit design representation
allows the design tool to remedy any poor clustering deci-
sions made during clustering step 120. In general, unclus-
tered components can be analyzed and relocated. Notably,
the relocation or re-assignment of components 1s restricted
to a local neighborhood surrounding each component. By
limiting the area 1n which a component can be relocated, the
spirit of the 1nitial clustering can be maintained while also
seeking to correct any poor clustering decisions.

In step 135, any remaining post-placement placer optimi-
zation tasks can be run on the circuit design representation.
The resulting circuit design representation can be written or
stored 1n step 140. After completion of step 140, the method
can end.

FIG. 2 1s a flow chart illustrating a method 200 of
clustering 1n accordance with one embodiment of the inven-
tive arrangements disclosed herein. The method 200 1llus-
trates a multi-level clustering technique as depicted 1n step
120 of FIG. 1. The method 200 can begin 1n step 205, where
connections of the circuit design can be sorted according to
the timing criticality of each connection. The connections
can be sorted or ordered according to decreasing timing
criticality.

In step 210, the method can begin processing each critical
connection of the circuit design. As noted, the more negative
the slack of a connection, the more critical the connection.
According to one embodiment of the present invention,
connections can be identified as critical 1f the slack of the
connection 1s less than a predetermined threshold. In any
case, the unclustered connections can be processed. Slices
connected to the connections can be selected as cluster
seeds. An attraction cost function based upon the criticality
of the connection between the unclustered slice and the
current open cluster (CLB), or slice within the CLB, can be
used to attract unclustered slices to the cluster seeds.

In step 215, a slice 1 connected to a first selected critical
connection can be 1dentified. As the connections have been
sorted according to decreasing timing criticality, the method
can begin processing the most critical connections prior to
less critical connections.

In step 220, a determination can be made as to whether the
slice has been clustered or processed. If not, the method can
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6

proceed to step 225. It so, the method can continue to step
255. Continuing with step 225, another slice 1 having the
most critical attraction to slice 1 can be 1dentified or found.
A measure of crtical attractiveness can be the timing
criticality of a connection between two slices, such that the
more negative the slack of a connection, the higher the
attraction between the two slices. Step 2235 determines
whether slice 1 and slice 1 can both be included within a
particular CLB or open cluster.

Slice j can be included 1 a CLB with slice 1 only 11 CLLB
capacity constraints are satisfied. CLB capacity constraints
dictate whether slices can be combined according to several
different criteria. One such constraint specifies that the
number of slices that can be included within a CLB cannot
exceed a particular threshold. As noted, while this threshold
can vary from circuit to circuit and manufacturer to manu-
facturer, according to one embodiment of the present inven-
tion, a CLLB can include no more than 4 slices.

Another constraint specifies that each CLB can include no
more than a particular number of connections. That 1s, the
total number of inputs and outputs to the CLB cannot exceed
a given threshold. The constraints ensure that while more
slices may be included within a CLB, the CLB will retain a
minimum amount of white space for subsequent post-place-
ment circuit optimizations. Accordingly, the threshold num-
ber of mputs and outputs 1s less than the total number of
inputs and outputs that can physically be accommodated by
the configurable logic block so as to leave white space 1n the
configurable logic block for post-placement circuit optimi-
zations.

In step 230, a determination can be made as to whether
slice 7 exists. I so, then slice 1 can be included within the
same CLB as slice 1 and the method can proceed to step 235.
If not, the method can continue to step 250.

In step 235, a determination can be made as to whether
slice 1 and slice 1 can be merged together 1nto a single, larger
slice. In evaluating whether the two slices can be merged,
additional constraints can be evaluated such as whether the
two slices share common control signals and clock sources.
Both constraints must be met in order to combine the two
slices. Another constraint that must be met i order to
combine the two slices 1s that the total number of compo-
nents in the resulting combined slice cannot exceed thresh-
olds for the maximum number of LUT’s and/or flip flops 1n
the resulting slice. If this constraint also 1s met, the two
slices can be combined.

If slice 1 and slice j can be combined, the method proceeds
to step 245 where the slices each are marked as being
merged. The merged slice 1s then added to the CLB list. IT
the two slices cannot be merged, the method can proceed to
step 240 where slice 1 1s independently added to the CLB list.

The method can loop back to step 225 until no further
slices are 1dentified as having a critical attraction to slice 1.
In that case, the method can proceed to step 250 where
grouped slices can be merged to create clustered slices and
CLB’s. After step 250, the method can proceed to step 255
to determine whether all of the critical connections have
been processed. If so, the method can end. If not, however,
the method can loop back to step 210 to continue processing
further critical connections as may be necessary.

FIGS. 3A and 3B are schematic diagrams 1illustrating a
CLB 300 including slices 1n accordance with one embodi-
ment of the mventive arrangements disclosed herein. As
shown in FIG. 3A, CLB 300 1s capable of including 4 slices.
Slice A and slice C have been incorporated into CLB 300,
leaving two available positions for slices, each indicated by
a dashed rectangle.
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The slack of the connection between slice A and B 1s -2
ns, while the slack of the connection between slice C and D
1s =3 ns. Accordingly, the connection between slice C and D
1s more timing critical than the connection between slice A
and B. Thus, FIG. 3B illustrates that slice D, the slice having
the most critical attraction to the open cluster, has been
incorporated into the cluster.

FIGS. 4A and 4B are schematic diagrams illustrating a
CLB 400 including slices in accordance with another
embodiment of the inventive arrangements disclosed herein.
FIGS. 4A and 4B illustrate another technique for determin-
ing which slice has a higher critical attraction to a given slice
or CLB 1n the event that slack 1s not suflicient.

As shown in FIG. 4A, CLB 400 can accommodate 4
slices. Slices A and C have already been located within CLB
400. Slices B, D, and E, which are external to CLLB 400, each
have a slack of -2 ns. As such, each has an equivalent critical
attraction to slice A or C.

In this case, an additional constraint can be used to
determine which slice can be incorporated mto CLB 400.
According to one embodiment of the present invention, high

fanout nets can be disfavored during the clustering process.
Thus, as shown 1n FIG. 4B, slice D has been included within
CLB 400 rather than slice B or E.

The mnventive arrangements disclosed herein provide a
solution for performing physical circuit design. The present
invention performs most non-mandatory circuit packing in
relation to the placement task where physical information
about the circuit 1s available. Accordingly, critical compo-
nents are clustered close together 1n a manner that a prion
leaves white space 1n the vicinity of critical components for
later circuit optimization. Post-placement circuit optimiza-
tion re-optimizes the critical portions of the circuit by
placing critical components close together while moving
non-critical components away from the vicinity of critical
components. As a result, the full solution space can be
investigated without undoing the overall benefit obtained
from clustering.

The present invention can be realized 1n hardware, soft-
ware, or a combination of hardware and software. The
present mnvention can be realized 1n a centralized fashion in
one computer system, or in a distributed fashion where
different elements are spread across several interconnected
computer systems. Any kind of computer system or other
apparatus adapted for carrying out the methods described
heremn 1s suited. A typical combination of hardware and
soltware can be a general purpose computer system with a
computer program that, when being loaded and executed,
controls the computer system such that 1t carries out the
methods described herein.

The present invention also can be embedded 1n a com-
puter program product, which comprises all the features
enabling the implementation of the methods described
herein, and which when loaded 1n a computer system 1s able
to carry out these methods. Computer program in the present
context means any expression, in any language, code or
notation, of a set of 1nstructions intended to cause a system
having an information processing capability to perform a
particular function either directly or after either or both of
the following: a) conversion to another language, code or
notation; b) reproduction 1n a different material form.

This invention can be embodied in other forms without
departing from the spirit or essential attributes thereof.
Accordingly, reference should be made to the following
claims, rather than to the foregoing specification, as indi-
cating the scope of the mvention.

What 1s claimed 1s:
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1. A method of physical circuit design comprising the
steps of:

packing components of a circuit design that are dependent

upon an architecture of the circuit design;

assigning 1nitial locations to components of the circuit

design;

clustering a plurality of components of the circuit design

according to design constraints so as to leave white
space 1n at least one circuit cluster; and

placing the components of the circuit design to minimize

critical connections.

2. The method of claim 1, wherein said clustering step
operates on components that are not dependent upon the
architecture of the circuit design.

3. The method of claim 1, wherein said step of assigning,
initial locations 1s not timing driven.

4. The method of claim 1, said clustering step further
comprising the step of combining slices that share control
signals and clock sources to form a combined slice such that
the total number of components of the combined slice does
not exceed a threshold number of components.

5. The method of claim 1, further comprising:

declustering the circuit design; and

performing post-placement tasks on the declustered cir-

cuit design; and wherein said clustering step further
comprising including slices 1n a configurable logic
block 1t the total number of mputs and outputs of the
resulting configurable logic block does not exceed a
threshold number of mputs and outputs.

6. The method of claim 5, wherein the threshold number
of mputs and outputs 1s less than the number of inputs and
outputs that can physically be accommodated by the con-
figurable logic block so as to leave white space in the
configurable logic block for post-placement circuit optimi-
zations.

7. The method of claim 1, said clustering step further
comprising the step of adding a slice to a configurable logic
block 11 the slice has a critical attraction to a slice already
included in the configurable logic block.

8. The method of claim 1, said clustering step further
comprising the step of using fanout to determine which slice
1s 1ncluded 1n a configurable logic block 1f more than one
slice to be added to the configurable logic block has an
equivalent critical attraction to a slice within the config-
urable logic block.

9. The method of claim 1, said clustering step further
comprising the steps of:

(a) selecting a critical connection of the circuit design;

(b) 1dentifying a first slice connected to the critical

connection;

(c) 1t the first slice 1s not clustered, 1dentifying a second

slice having a most critical attraction to the first slice;

(d) including the second slice with the first slice 1 a

configurable logic block if the total number of inputs
and outputs of the resulting configurable logic block
does not exceed a threshold number of mmputs and
outputs; and

(e) repeating steps (a), (b), (¢), and (d) for further slices

connected to the critical connection.

10. The method of claim 9, further comprising the step of
repeating said steps (a)—(e) for further critical connections.

11. The method of claim 9, wherein the threshold number
of mputs and outputs 1s less than the number of mputs and
outputs that can physically be accommodated by the con-
figurable logic block so as to leave white space in the
configurable logic block for post-placement circuit optimi-
zations.
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12. A system for physical circuit design comprising:

means for packing components of a circuit design that are

dependent upon an architecture of the circuit design;
means for assigning 1nitial locations to each component of
the circuit design;
means for clustering the components of the circuit design
by combining slices and including slices mto config-
urable logic blocks according to design constraints so
as to leave white space 1n at least one circuit cluster;

means for placing the components of the circuit design to
minimize critical connections:

means for declustering the circuit design; and

means for performing additional post-placement placer

tasks on the declustered circuit design.

13. The system of claim 12, said means for clustering
turther comprising means for combining slices that share
control signals and clock sources to form a combined slice
such that the total number of components of the combined
slice does not exceed a threshold number of components.

14. The system of claim 12, said means for clustering
turther comprising means for including slices 1n a config-
urable logic block 11 the total number of mputs and outputs
of the resulting configurable logic block does not exceed a
threshold number of mputs and outputs.

15. The system of claim 14, wherein the threshold number
ol mputs and outputs is less than the number of inputs and
outputs that can physically be accommodated by the con-
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figurable logic block so as to leave white space 1n the
configurable logic block for post-placement circuit optimi-
zations.

16. The system of claim 12, said clustering means further
comprising;

(a) means for selecting a critical connection of the circuit

design;

(b) means for identifying a first slice connected to the
critical connection;

(¢) means for identifying a second slice having a most
critical attraction to the first slice 1f the first slice 1s not
clustered:

(d) means for including the second slice with the first slice
in a configurable logic block it the total number of
inputs and outputs of the resulting configurable logic
block does not exceed a threshold number of inputs and
outputs; and

(¢) means for repeating steps (a), (b), (¢), and (d) for
further slices connected to the critical connection.

17. The system of claim 16, wherein the threshold number
of mputs and outputs 1s less than the number of mputs and
outputs that can physically be accommodated by the con-
figurable logic block so as to leave white space in the
configurable logic block for post-placement circuit optimi-
zations.
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